The growth of a supermassive black hole (BH) is determined by how much gas the host galaxy is able to feed it, which in turn is controlled by the cosmic environment, through galaxy mergers and accretion of cosmic flows that time how galaxies obtain their gas, but also by internal processes in the galaxy, such as star formation and feedback from stars and the BH itself. In this paper, we study the growth of a 10 12 M ⊙ halo at z = 2, which is the progenitor of an archetypical group of galaxies at z = 0, and of its central BH by means of a high-resolution zoomed cosmological simulation, the Seth simulation. We study the evolution of the BH driven by the accretion of cold gas in the galaxy, and explore the efficiency of the feedback from supernovae (SNe). For a relatively inefficient energy input from SNe, the BH grows at the Eddington rate from early times, and reaches self-regulation once it is massive enough. We find that at early cosmic times z > 3.5, efficient feedback from SNe forbids the formation of a settled disc as well as the accumulation of dense cold gas in the vicinity of the BH and starves the central compact object. As the galaxy and its halo accumulate mass, they become able to confine the nuclear inflows provided by major mergers and the BH grows at a sustained near-to-Eddington accretion rate. We argue that this mechanism should be ubiquitous amongst low-mass galaxies, corresponding to galaxies with a stellar mass below 10 9 M ⊙ in our simulations.
INTRODUCTION
Supermassive black holes (BH) are common compact objects observed in the centre of galaxies. Their are suspected to grow along with their host galaxy as observations suggest a strong scaling between BH masses and galaxy properties (e.g. Magorrian et al. 1998; Tremaine et al. 2002; Häring & Rix 2004) . Gas accretion drives most of the mass growth of black holes at high-redshift, and this accretion mechanism returns a fraction of the rest-mass accreted energy into effective feedback for the host-galaxy, which in turns can explain the observed scaling relation between black holes and galaxies (Silk & Rees 1998 ; King ⋆ E-mail: dubois@iap.fr 2003; Wyithe & Loeb 2003) . Such a behavior has been successfully implemented in modern cosmological simulations and the impact of active galactic nuclei (AGN) feedback on the galaxy mass content, the circumgalactic gas properties and the halo mass distribution can be dramatic (Di Matteo et al. 2005; Croton et al. 2006; Bower et al. 2006; Sijacki et al. 2007; Booth & Schaye 2009; Dubois et al. 2010 Dubois et al. , 2012 Teyssier et al. 2011) .
AGN feedback is supposed to have a strong impact on the stellar and gaseous content of the most massive galaxies, helping to solve the so-called 'over-cooling' problem, i.e. the expected fast cooling times and consequently high star formation rates predicted for galaxies, at odd with observational results. This was for instance highlighted by comparing theoretical models of galaxy evolution to the observed galaxy mass function (Croton et al. 2006; Bower et al. 2006 ). Theoretical models that do not include any form of negative feedback from stars or AGN overpredict the mass function at both the low-and high-mass end. Including stellar feedback, namely through supernova (SN) explosions, mitigates the problem at the low-mass end, but the SN energy input is not sufficient to eject gas from galaxies with virial halo velocity above a critical value of ∼ 100 km s −1 (Dekel & Silk 1986 ), nor affect the cold stream inflow in high redshift galaxies (Powell et al. 2011) . The energetics involved in growing BHs are in principle comparable to, if not higher than, the binding energy of the host galaxy (e.g. Silk & Rees 1998; Fabian 2012) . If a fraction of this energy can be tapped, it can profoundly affect the gas distribution through outflows pushing the gas in the outskirts of the halo, even cold streams Costa et al. 2014) , and its thermodynamics by increasing its temperature and decreasing its density, thereby decreasing the star formation rate in the galaxy.
The masses of BHs at the center of galaxies are observed to scale linearly with their host bulge with a BH to bulge mass ratio of MBH/M b ∼ 10 −3 . Assuming that the amount of gas mass impacted by the central AGN wind scales linearly with the bulge mass, the wind velocityuw ∝ LAGN/Mgas ∝ MBH/M b is constant for BHs accreting at Eddington (LAGN ∝ MBH). Therefore, the AGN wind velocity should be independent of the galaxy mass and AGN feedback have a non-negligible impact on high-mass galaxies as well as low-mass galaxies provided that the accretion of gas on the BH is unarrested. Measurements of the BH mass correlation with the pseudobulge mass show a larger scatter and fall below the correlation between BH mass and classical bulge relation (Hu 2008; Kormendy et al. 2011; Sani et al. 2011) . A similar deficit in BH mass is also observed for low-mass BHs (Greene et al. 2010; Jiang et al. 2011; Graham & Scott 2015) . SN feedback that is an important driver of gasmass loss in dwarf galaxies (e.g. Springel & Hernquist 2003; Dubois & Teyssier 2008; Dalla Vecchia & Schaye 2008 Hopkins et al. 2014 ) also turns dark matter cusps into cores (Gnedin & Zhao 2002; Mashchenko et al. 2006; Pontzen & Governato 2012; Teyssier et al. 2013) , and reduces the depth of the gravitational well. Therefore, the SN feedback activity in low-mass galaxies can probably inhibit the activity of the central BH by depleting the central gas reservoir, and limiting the impact of AGN feedback. Booth & Schaye (2013) performed a numerical study of the interplay between SN and AGN feedback in a large-volume cosmological simulation (see also Newton & Kay 2013 , for detailed isolated and merger simulations). They found that SN and AGN feedback weaken each other's strength when jointly included in their models, compared to including only one of them at a time. However, they do not discuss whether SN feedback is able to impact the growth of BHs.
This paper is part of a series of three papers investigating the connection between SN feedback and BH growth (paper I, this paper), SN-driven gas turbulence and BH spin evolution (Dubois et al. 2014, paper II) , and the impact of cosmic galaxy evolution on the spin of central supermassive BHs , paper III). The main purpose of this paper is to investigate the mass evolution of the central BH of a zoomed cosmological halo at high redshift, called the Seth 1 suite of simulations, that have enough resolution to start resolving the substructures of the interstellar medium (ISM) over several Gyrs. We test two implementations of SN feedback with the kinetic modelling of Dubois & Teyssier (2008) , and the prescription from Teyssier et al. (2013) in order to probe how much the strength of SN activity can alter the growth of the central BH.
In Section 2 we introduce the initial conditions and the numerical models for the physics of galaxy formation, the BH mass growth and its associated AGN feedback. In Section 3 we detail our results on BH mass evolution in the Seth simulations and how SN feedback influences BH growth. Finally, in Section 4 we summarize our results.
NUMERICAL SET-UP
The simulations are run with the adaptive mesh refinement code ramses (Teyssier 2002) . The evolution of the gas is followed using a second-order unsplit Godunov scheme for the Euler equations. The Harten-Lax-Van Leer contact (HLLC, Toro et al. 1994 ) Riemann solver with a MinMod total variation diminishing scheme to reconstruct the interpolated variables from their cell-centered values is used to compute fluxes at cell interfaces. Collisionless particles (DM, star and BH particles) are evolved using a particle-mesh solver with a cloud-in-cell interpolation.
The Seth suite of simulations
We assume a ΛCDM cosmology with total matter density Ωm = 0.3, baryon density Ω b = 0.045, dark energy density ΩΛ = 0.7, amplitude of the matter power spectrum σ8 = 0.8285, ns = 0.9635 spectral index and Hubble constant H0 = 68.14 km s −1 Mpc −1 consistent with the Planck data (Planck Collaboration et al. 2014) for the initial conditions produced with music (Hahn & Abel 2011) . The box size of our simulation is L box = 50 h −1 Mpc, with a coarse grid of 256 3 dark matter (DM) particles corresponding to a DM mass resolution of Mres,coarse = 8 × 10 8 M⊙. A highresolution region is defined around a halo of Mvir = 10 12 M⊙ at z = 2 that contains only high-resolution DM particles within 2 rvir (rvir = 100 kpc) with mass M res,high = 2 × 10 5 M⊙. The halo is a progenitor of a group of galaxies whose mass is Mvir = 5 × 10 12 M⊙ at z = 0. The mesh is refined up to ∆x = 8.7 pc (maximum level equals lmax = 21 at redshift z = 3) or ∆x = 34.8 pc (lmax = 19 at redshift z = 3) using a quasi-Lagrangian strategy: when more than 8 DM particles lie in a cell, or if the baryon density is larger than 8 times the initial DM resolution. The minimum cell size is kept roughly constant in proper size with redshift, i.e. an additional level of refinement is added every aexp = n × 0.1 (where n = 1, 2, 4, 8 and aexp is the expansion factor of the universe) up to level 21 (or 19) at aexp = 0.33 (z = 2). The solid circle indicates the virial radius r vir of the dark matter halo, and the dashed circle is for 0.1r vir . We can see several cosmic cold filaments that connect to the central halo with a a complex gas distribution once they reach the central galaxy. The galaxy clearly exhibits a rotating disc-like structure with dense star-forming clumps of gas.
Physics of galaxy formation
Gas is allowed to cool by H and He cooling with a contribution from metals using a Sutherland & Dopita (1993) model for temperatures above T0 = 10 3 K, which is the minimum temperature of the gas allowed through radiative losses. Heating from a uniform UV background takes place below redshift zreion = 10 following Haardt & Madau (1996) . Metallicity is modelled as a passive variable for the gas advected with the flow (whose composition is assumed to be solar) and is altered by the injection of gas ejecta during SN explosions and stellar mass losses. We assume a zero initial metallicity. The gas follows an equation of state for ideal monoatomic gas with adiabatic index γ = 5/3.
The star formation process is modelled with a Schmidt law:ρ * = ǫ * ρ/t ff , whereρ * is the star formation rate density, ǫ * the constant star formation efficiency, and t ff the local free-fall time of the gas. We choose a low star formation efficiency ǫ * = 0.02 consistent with observations of giant molecular clouds (Krumholz & Tan 2007) and surface density relations of galaxies (Kennicutt 1998) . Star formation is allowed in regions exceeding a gas density threshold of n0 = 250 H cm −3 for ∆x = 8.7 pc (n0 = 15 H cm −3 for ∆x = 34.8 pc) and for gas with a temperature at those of the polytropic equation of state (EoS) with a stellar mass resolution of ms,res = n0∆x 3 ≃ 5 × 10 3 M⊙ for the ∆x = 8.7 pc resolution runs (ms,res ≃ 2 × 10 4 M⊙ for the ∆x = 34.8 pc). The gas pressure is artificially enhanced above ρ > ρ0 assuming a polytropic equation of state T = T0(ρ/ρ0) κ−1 with polytropic index κ = 2 to avoid excessive gas fragmentation.
Feedback from stars is taken into account assuming a Salpeter initial mass function with ηSN = 0.1 of the mass fraction of stars ending up into a type II supernova and releasing eSN = 10
⊙ . The numerical implementation is done in two flavors. (i) kinetic: We use the implementation from Dubois & Teyssier (2008) based on a Sedovblast wave solutions: mass, momentum and energy are deposited in the surrounding gas cells so that it mimics the Sedov solution with a mass loading of fw = mej/ms,res = 1, where mej is the gas mass of the ejecta taken from the central cell and redistributed to all the cells within the bubble of size rSN = 1.5∆x (see Dubois & Teyssier 2008 for more details). (i) delayed cooling: An alternative modeling is that of Teyssier et al. (2013) which locally delays the gas cooling after an explosion (in the spirit of Stinson et al. 2006 ), where energy is released both in the classical energy component and in a tracer component, which is denoted 'non-thermal' and is passively advected with the flow. The passive non-thermal energy decays on a typical timescale of t diss = 0.8 Myr for ∆x = 8.7 pc (t diss = 2 Myr for ∆x = 34.8 pc), and the gas cooling is not allowed until the velocity dispersion associated to the non-thermal energy component is larger than σNT = 50 km s −1 . These values of t diss and σNT are different from the initial choice adopted in Teyssier et al. (2013) who set them up to the typical molecular cloud lifetimes (Williams & McKee 1997) . Here, we prefer to adopt a resolution-dependent approach, so that the explosion is able to propagate over a few cell resolution elements. The choice of σNT and t diss are discussed in Appendix A.
Model for BH growth and AGN feedback
We use the AGN feedback model described in Dubois et al. (2012) . BHs are created at loci where both the gas density and stellar density is larger than the density threshold for star formation ρ0 with an initial seed mass of M seed = min(0. The accretion rate onto BHs follows the Bondi-HoyleLyttleton (Bondi 1952) 
, where G is the gravitational constant, MBH is the BH mass,ρ is the average gas density,cs is the average sound speed,ū is the average gas velocity relative to the BH velocity, and α is a dimensionless boost factor with α = (ρ/ρ0) 2 when ρ > ρ0 and α = 1 otherwise (Booth & Schaye 2009) in order to account for our inability to capture the colder and higher density regions of the ISM. The effective accretion rate onto BHs is capped at the Eddington accretion rate:Ṁ Edd = 4πGMBHmp/(ǫrσTc), where σT is the Thompson cross-section, c is the speed of light, mp is the proton mass, and ǫr is the radiative efficiency, assumed to be proportional to the spin of the BH with ǫr = 1 − Eisco = 1 − 1 − 2/(3risco). Spin magnitude and direction are followed self-consistently, on the fly, in this simulation. We refer the reader to paper II (see also ) for details and we just summarize here the main assumptions. The spin magnitude of BHs is modified by accretion of gas through the expression derived by Bardeen (1970) . If the angular momentum of the accreted gas is misaligned with the direction of the BH spin, Lense-Thirring effect causes the innermost parts of the disc to rotate within the equatorial plane of the BH and a warped disc is created that eventually completely aligns or anti-aligns with the BH spin. The case for antialignment of the BH with the disc requires that (King et al. 2005) cos θ < −0.5J d /JBH, where J d and J BH are the angular momenta of disc and BH respectively, and θ is the angle between J BH and J d . To model the unresolved accretion disc we adopt the Shakura & Sunyaev (1973) thin accretion disc solution, and define J d to be the angular momentum calculated at smaller between the warp radius, i.e., the radius within which gas can effectively transfer its angular momentum to the BH within a viscous timescale, or the self-gravity radius, i.e. the radius beyond which the disc becomes prone to fragmentation. Finally, we update BH spins after BH-BH coalescences using the analytical fit of Rezzolla et al. (2008) derived from relativistic numerical simulations of BH binaries.
In order to avoid spurious oscillations of the BH in the gravitational potential well due to external perturbations and finite resolution effects, we introduce a drag force that mimics the dynamical friction exerted by the gas onto a massive particle. This dynamical friction is proportional to FDF = fgas4παρ(GMBH/cs) 2 , where fgas is a fudge factor whose value is between 0 and 2 and is a function of the mach number M =ū/cs < 1 (Ostriker 1999; Chapon et al. 2013) , and where we introduce the boost factor α for the same reasons than stated above. A complementary approach, that we do not model here since gas dynamical friction is sufficient, is to explicitly model the unresolved dynamical friction exerted by DM particles onto BHs (Tremmel et al. 2015) .
The AGN feedback is a combination of two different modes, the so-called radio mode operating when χ = MBH/Ṁ Edd < 0.01 and the quasar mode active otherwise. The quasar mode corresponds to an isotropic injection of thermal energy into the gas within a sphere of radius ∆x, at an energy deposition rate:ĖAGN = ǫ f ǫrṀBHc 2 , where ǫ f = 0.15 for the quasar mode is a free parameter chosen to reproduce the MBH-M b , MBH-σ b , and BH density in our local Universe (see Dubois et al. 2012) . At low accretion rates on the other hand, the radio mode de-posits the AGN feedback energy into a bipolar outflow with a jet velocity of 10 4 km.s −1 into a cylinder with a crosssection of radius ∆x and height 2 ∆x following Omma et al. (2004) (more details about the jet implementation are given in Dubois et al. 2010) . The efficiency of the radio mode is larger with ǫ f = 1. Though this quasar/radio mode matches the observed radiatively efficient/inefficient activities of AGN feedback (Churazov et al. 2005; Russell et al. 2013) , it is possible that some accretion rate-driven jets becomes indistinguishable from large opening angle AGNdriven nuclear outflows after they have propagated into the multiphase gas of the galaxy (Wagner et al. 2012) .
The list of the Seth simulation runs is listed in Table 1. All simulations with ∆x = 34.8 pc resolution are run up to z = 2, while the simulations with ∆x = 8.7 pc resolution are stopped at more intermediate redshift after the BH of the central simulation galaxy has reached selfregulation. We perform a simulation with no feedback from SNe nor from AGN (and without BH formation) denoted SL (∆x = 34.8 pc). We have two simulations with SN feedback, one version with kinetic implementation SLK and another one with delayed cooling SLD, which do not include BHs (∆x = 34.8 pc). Finally, we run four simulations including AGN feedback, two with kinetic SN feedback SLKA and SHKA (respectively with ∆x = 34.8 pc and ∆x = 8.7 pc), and two with the delayed cooling SN feedback SLDA and SHDA. Fig. 1 shows three projections of the gas density for the SHDA run at z = 3.25, one at large scale where cosmic filaments are clearly visibles (within a large-scale cosmic wall), one at the halo scale where these cosmic filaments penetrate the central halo in the form of dense and cold gas mixing with the diffuse ambient medium, and another projection at galactic scale where we see the detailed structure of the gas within the galaxy in the form of dense star-forming clumps embedded into gas spiral arms. In those projections, we have indicated the virial radius rvir of the dark matter halo (as the radius at which the average density in the halo is 200 times the average cosmic density). With zoom simulations, we can resolve at the same time the complex pattern of the large-scale inflows and outflows of gas into the halo and onto the galaxy, and the multiphase structure of the interstellar gas.
RESULTS

Quenching early BH growth with efficient SN feedback
The top panel of Fig. 2 shows the BH mass evolution for the four simulations including AGN feedback, and the bottom panel of Fig. 2 shows the BH mass accretion rate for SLDA and SHKA only. Both simulations with kinetic SN feedback, SLKA and SHKA, show a rapid initial growth of the BH mass at the Eddington rate between 6 < z < 9, with a plateau below z < 6 when the BH has reached selfregulation. Viceversa, both simulations with delayed cooling SN feedback, SLDA and SHDA, have an extended period of time, down to z ≃ 3.5, where the BH grows quiescently, far from the Eddington limit. It is only below this redshift, that the BH growth takes off at approximately half the Ed- The small inset shows the exact BH mass accretion of the SLDA simulation between 2.1 < t < 2.2 Gyr. The horizontal lines indicate the SN and AGN regulation phases of the BH growth with a color that corresponds to the simulation it refers to. The simulations with kinetic SN feedback (SLKA and SHKA) show a rapid growth of the BH mass at early times and quickly regulate the BH mass growth. The simulations with delayed cooling SN feedback (SLDA and SHDA), instead inhibit the early BH growth and delay its Eddington-limited phase to later times (below redshift z < 3.5).
dington rate from 2.5 < z < 3.5 and then settles in a selfregulated state where the BH mass is comparable in runs SLDA, SHDA and SLKA. Note that the evolution of BH mass is relatively independent of resolution for the same set of SN sub-grid modeling: Eddington-limited phases appear at the same epoch and their time extensions are similar, and BH masses at self-regulation are the same to within less than a factor of 2. At z ≃ 3.5, a significant galaxy merger with stellar mass ratio of ∼1:3 drives a large inflow of gas towards the BH. The three simulations that have reached this redshift (SLKA, SHDA and SLDA) show a rapid increase of the BH mass. In particular, the simulations with delayed cooling SN feedback have an extended near-Eddington growth for the central BH (2.5 < z < 3.5), due to the absence of BH self-regulation prior to the merger. Thus, the BH grows until it reaches a mass sufficiently large to pump enough energy into the gas to unbind it from the galaxy gravitational potential well. . Gas density projections of the central galaxy at z = 5.8 (first and third columns) and z = 5.65 (second and fourth columns) for the SHDA (four left-most panels) and SHKA (four right-most panels) simulations, seen edge-on (first row) or face-on (second row). The blue contours surround the regions of star formation with gas density above 250 H cm −3 . The dashed circles indicate the 10 per cent virial radius of the halo. In the simulation with the delayed cooling SN feedback, dense star-forming clumps in the centre of the galaxy are regularly destroyed and reprocessed, while in the simulation with kinetic SN feedback the star-forming gas settles into a long-lived compact rotating disc.
As explained in detail in paper II, delayed cooling SN feedback causes cold gas clumps in the galaxy to be regularly destroyed by SN explosions, every ∼10 Myr. Periods of intense star formation are followed by phases where stellar feedback drives large-scale outflows and hot bubbles, and removes cold gas from the galaxy at the same time. During these phases, the BH accretion rate is well below the Eddington limit 2 , while it is at Eddington when the gas cools down again and re-accumulates around the BH. This behaviour is highlighted in the inset in Fig. 2 . The net effect is to overall reduce the Eddington-limited growth phase by a factor of 2, as reflected by the time-smoothed curve (for sake of clarity) shown in the bottom panel of Fig. 2 : the average BH mass accretion rate is a factor 2 below the Eddington accretion rate between 2.5 < z < 3.5 for the SLDA simulation (as well as for the SHDA, not represented here).
In summary, the delayed cooling implementation of SN feedback quenches the initial growth of the BH, while the kinetic SN feedback allows for a rapid Eddington-limited growth at early times. The fundamental reason is that the two different approaches to SN feedback affect the density and temperature of gas in the galaxy differently. Kinetic SN feedback imparts only momentum to the gas (with lower magnitude than the expected analytical solution, see Kimm et al. 2015) . The gas quickly thermalizes if the conditions to create a shock are met, and such conditions are effectively met each time there is a SN explosion. This can be understood as follows. In the early phase, SN explosions are similar to Sedov solutions, therefore in a few time-steps, the solution will approach that of the adiabatic expansion phase, where 20 per cent of the energy is in kinetic form and 80 per cent in internal energy (e.g. Cox 1972 ). In dense star-forming regions, the temperature reached after a SN explosion is not high enough to avoid over-cooling of the internal component since the Sedov scale remains unresolved at our spatial resolution, and 80 per cent of the total energy of the explosion is lost, limiting the total amount of momentum that would have been transferred by the hot pressurised bubble by the end of the energy-conserving phase. Thus, if gas is not artificially prevented from cooling, dense gas can survive SN explosions, contrary to expectations. Delayed cooling SN feedback obviates this shortcoming by explicitly forcing the gas to not cool in the dense regions of star-formation, mimicking the effect of internal energy deposition (however, it does not guarantee that the correct amount of momentum is imparted to the gas, only that energy is efficiently transferred to the gas). This is the reason why simulations with delayed cooling SN feedback show that dense star-forming gas is destroyed after the ignition of the first stars into SNe (see paper II). Figure 3 . Mass of gas within 1 per cent of the halo virial radius as a function of redshift for SHDA (black), SLDA (grey solid), SLD (grey dashed), SHKA (red), SLKA (orange solid), SLK (orange dashed), and SL (blue). Only simulations with delayed cooling SN feedback exhibit rapid variations in the gas mass content at early times due to the efficient evacuation of the cold gas from the galaxy center.
gas mass relatively close to the BH. These variations are an intrinsic feature related to the modelling of SNe as they are detected independently of the presence of the AGN feedback and the choice of resolution. Fig. 4 highlights two specific times representative of the two phases characteristic of the delayed cooling SN feedback: intense star formation driven by cold gas followed by SN activity which in turns removes the cold dense gas. The four left-most panels of Fig. 4 show the projected gas density at a maximum (z = 5.80) and near a minimum (z = 5.65) of the gas mass within 1 per cent of the halo virial radius for the SHDA simulation (cf. Fig. 3, top panel) . The dense gas in the galaxy appear edge-on with some cold clumps near the very center of the galaxy at z = 5.8. However, at z = 5.65, the dense gas has disappeared from the center of the image due to SN explosions that have disrupted this cold gas component. For comparison, the four right-most panels of Fig. 4 show the same gas density projections for the SHKA simulation, where a thin disc of gas also appears nearly edge-on, and this disc is present in both time steps. Therefore, contrary to the case with delayed cooling SN feedback (SHDA), the simulation with kinetic SN feedback (SHKA) does not show any sign of the destruction of the cold star-forming gas in the galaxy. Finally, the presence at all times of this cold gas reservoir near the BH for SHKA (and SLKA) is the reason for the rapid early growth of the BH, while in SHDA (and SLDA) disruption of dense gas is efficient enough to starve the BH. Fig. 5 shows the gas number density in the vicinity of the BH as a function of time, as well as the gas sound speed and its relative velocity with respect to the BH. During the early growth of the BH in the SLKA run (6 < z < 9), the gas density near the BH is above n > 10 3 cm −3 , the gas sound speed is ∼ 50 km s −1 , and the gas relative velocity is u < 10 km s −1 . Therefore, the gas is sufficiently dense, cold, and with very little turbulence (relative gas motion), to allow the Bondi accretion rate to be Eddington=limited, and the BH to grow to reach self-regulation in ∼ 200 Myr. During the out-of-Eddington phases, gas density drops to lower values (n ≃ 20 − 100 cm −3 ), the gas sound speed increases (cs ≃ 200 km s −1 ), as does the gas relative velocity (u ≃ 100 − 300 km s −1 ), all being consequences of the energy input from the AGN while the BH is at self-regulation. It is particularly striking that these quantities change abruptly (gas density increases and velocities decrease) with the new inflow of gas triggered by the merger at z ≃ 3.5 (t ≃ 2 Gyr).
For the SLDA run, gas density, sound speed and gas relative velocity values up to z = 3.5 are comparable to the values obtained in the SLKA run during the BH self-regulation phase (i.e., after z ∼ 6; t ≃ 1 Gyr). The main difference is that, in the SLDA run, the absence of Eddington-limited phase is due to the energy input from SNe that destroy the dense star-forming gas, keeping the density low, the temperature high and the interstellar medium turbulent. The gas number density in SLDA between 5 < z < 9 shows rapid variations with peaks at n ≃ 500 cm −3 followed by drops to n ≃ 50 − 100 cm −3 . It illustrates well the "breathing" of the galaxy when delayed cooling SNe feedback is employed (see also Fig. 3 ): dense gas accumulates in the galaxy (and near the BH) for ∆t ∼ 10 Myr until the first SNe explode and drive the cold gas in an expanding wind that falls back onto the galaxy in a dynamical time. At z ≃ 3.5, a merger triggers fresh gas near the BH that accumulates and leads to the near-Eddington phase: gas sound speed and gas relative velocity are still high (respectively ≃300 and 100 km s −1 ), but the gas density remains steadily at n ≃ 500 cm −3 . Thus, even though velocities are on average large due to the starburst activity induced by the merger, the gas density is sufficiently high to keep the BH growing near the Eddington rate. Note that these quantities have strong small-scale time variations (on a time-scale of 10 Myr) that cannot be represented in Fig. 5 . After the merger-driven triggering of the BH growth in the SLDA simulation, the BH ends up selfregulating at z ≃ 2.5, and the gas density drops, while the gas sound speed and relative velocity increase to values comparable to that of the SLKA simulation at the same epoch and for the same reason: its AGN activity is strong enough to remove the cold gas from its direct surroundings.
3.2 Why SNe are able to quench BH growth in low-mass galaxies
From our set of simulations, we have seen that the central BH growth is initially inhibited by the presence of SNe when they are associated with a delayed cooling prescription that maximises the gas motion. Now, we want to compare the theoretical expectation of the velocity of SN-driven winds to the escape velocity of the galactic bulge. Therefore, if SN-driven winds are efficient, they should drive the gas out of the bulge (and star-forming clumps), until the bulge becomes sufficiently massive to retain any outflows in its sphere of influence. The characteristic velocity of SN-driven winds in a starforming clump is of the order of the Sedov velocity:
where eSN = 10
⊙ is the SN type II specific energy, f blast 1 is the fraction of SN energy input that is effectively transferred into the gas (in the case of efficient energy losses through gas cooling f blast can be much lower than 1), and mnew,s is the amount of new stars formed within the gas clump. mnew,s depends on the clump free-fall time (i.e. the . The horizontal dot-dashed line corresponds to the velocity of SN-driven winds in the bulge with f blast = 1 (corresponding to the delayed cooling SN model). Grey horizontal lines mark the SN-and AGN-dominated evolution in the delayed cooling case. The orange horizontal line marks AGN-dominated evolution in the kinetic feedback case. In SLDA and SLD, the end of the SN regulated growth of the BH corresponds to the time when the escape velocity of the bulge exceeds the velocity of SN-driven wind. In the SLKA and SLK runs, the BH grows as soon as it is created, and there is no SN-dominated phase, which indicates that the SN driven-winds for the kinetic model have a very low energy-conversion efficiency (f blast ≪ 1) and, thus, an ejection velocity below the horizontal dot-dashed line.
clump gas density) and the time-scale before the ignition of the first SNe tSN = 10 Myr. Integrating the Schmidt law over time and volume, and assuming that the gas density is nearly constant over tSN, one obtains
where the gas free-fall time t ff for the central gas clump of mass ∼ 10 8 M⊙ in the proto-bulge (see Fig. 3 ) and of ∼ 100 pc radius 3 is ≃ 1.6 Myr. Therefore, the ratio of mnew,s/mg ≃ 0.12. To summarize, the velocity of the blast propagating into the central gas clump (bulge) should be close to 270 km s −1 for the delayed cooling case, where f blast ∼ 1 is ensured by construction.
The escape velocity of a clump is
where m cl and r cl are respectively the clump total mass and clump radius. If we replace the clump radius r cl by the bulge radius r b ≃ 100 pc, and the clump mass m cl by the bulge mass M b ≃ 10 9 M⊙ that are the representative values when the BH starts growing at the Eddington rate. The escape velocity is, therefore, uesc ≃ 300 km s −1 and is comparable to the Sedov velocity produce by SN winds in the bulge. Thus, below M b 10 9 M⊙, and provided that f blast ∼ 1, the gas cannot accumulate in the bulge and is regularly ejected from the bulge gravitational potential well (see the top panel of Fig. 3 for SHDA, SLDA and SLD), and above M b > ∼ 10 9 M⊙ the gas is locked into the bulge, in a fountain that ejects gas that quickly falls back, and provides the fuel to feed the central BH over a prolonged duration. Fig. 6 shows the escape velocity of the bulge where we have integrated all the mass contained within 100 pc from the centre of the galaxy. At early times (z > 3.1), since SNe in the delayed cooling cases prevent the gas from accumulating too rapidly in the bulge, we observe that the escape velocity of the bulge increases more slowly than in the kinetic feedback cases. At z = 3.1, the escape velocity in the bulge in SLD and SLDA reaches 270 km s −1 . This value is the predicted SN-driven wind velocity in the bulge for f blast = 1 and marks the end of the SN-driven evolution of the bulge gas content. From this moment, the BH can grow close to the Eddington rate and settles into self-regulated growth ∼ 400 Myr later at z = 2.6. Note that escape velocities in the bulge in both SLD and SLDA, respectively with and without AGN feedback, are similar during the SNdriven evolution since the AGN has as yet no impact on the surrounding gas as SN-driven winds prevent the BH from accreting gas at near-Eddington.
For the kinetic cases, SLK and SLKA, the bulge endures a rapid mass growth already very early on due to the inefficiency of the coupling of the SN energy to the gas (f blast ≪ 1). Until the BH has reached its self-regulated phase in SLKA, the bulge mass can grow steadily, as it does in the case without any feedback from SNe nor AGN (SL run). Finally, the growth of the bulge escape velocity (or equivalently the bulge mass) is suppressed once the BH is massive enough to have a significant impact on the surrounding gas, which is around z ≃ 6 in SLKA. Interestingly, the bulge escape velocities of SLDA and SLKA are similar uesc ≃ 500 km s −1 once both simulations have reached the BH self-regulated phase (z < 3), and their value is smaller compared to the runs without AGN feedback uesc ≃ 800 km s −1 (SL, SLD and SLK). A more in-depth investigation of the structure of the gravitational potential well, and, thus, mass distribution is shown in Fig. 7 , where we see how the gas mass accumulates differently in SLKA and SLDA at early epochs. In the SLKA run, the escape velocity peaks at ∼ 400 km s −1 at z = 4.71 within the galactic bulge (< 0.01 rvir = 200 pc) due to the high concentration of stars in the central region of the galaxy (and with a low concentration of gas and DM). Vice versa, in the SLDA run at the same redshift, the peak of the escape velocity is 250 km s −1 at a distance ≃ 0.05 rvir = 1 kpc that roughly corresponds to the galaxy radius. The escape velocity within the galactic bulge reaches lower values around 150 km s −1 a factor of two below the SN wind velocity. In this simulation, the dominant mass component in the bulge is the gas with a fraction above 50%. Though the amount of gas within the bulge is larger by a factor of 2 in SLDA than in SLKA, the amount of total mass is lower in SLDA because of the frequent expulsions of gas, that translate into a much lower amount of stellar mass. Note also the strong enhancement of the DM concentration within the central region in the SLKA run due to adiabatic contraction (Gnedin et al. 2004) .
At the near-Eddington growth of the BH in SLDA (z = 3.26), the escape velocity profile in the galaxy has Figure 8 . Evolution with redshift of the effective radius and the stellar mass of the central galaxy in SHDA at different redshifts (indicated by the colors). The 1:3 merger is happening from z = 3.7 to 3.5 when the effective radius quickly increases and as quickly contracts.
been boosted by a factor ∼ 2, reaching ∼ 400 km s −1 at r ≃ 0.03 rvir (350 km s −1 at the galaxy center). These new values of the escape velocity in SLDA create a gravitational barrier large enough for the SN winds to be trapped within the core of the galaxy, and, therefore, allow maintenance of a steady reservoir of cold gas for the BH to grow from. The SLKA escape profile shows a small variation with the z = 4.71 profile, it is simply rescaled by a > ∼ 1 factor. Although the stellar mass and DM mass content within the galaxy bulge are now similar in SLKA and SLDA, the amount of gas is still a factor 5 different, and the gas fraction in SLDA is close to 30% while it is below 10% in the SLKA.
The triggering of nuclear inflows by a major merger
In the simulations with delayed-cooling SN feedback, the BH enters its Eddington-limited growth phase once the galaxy encounters a significant merger with a stellar mass ratio of ∼1:3. Fig. 8 shows the galaxy effective radius in SHDA as a function of its stellar mass for different redshifts. For computing the effective radius, we project the stellar mass along the 3 cartesian axes of the box, measure the half-mass projected radius of each projection, and take the geometrical average of the three components. In the early stage of the galaxy evolution (z > 4) its effective radius stay nearly constant even though the galaxy stellar mass increases. Once the 1:3 merger happens from z = 3.7 to z = 3.5 the galaxy radius quickly increases, but then contracts further. Fig. 9 illustrates further the connection between the BH feeding and the morphological transformation of the galaxy in SHDA. This figure shows (at the top) the BH growth relative to Eddington as a function of redshift with the two largest merger mass ratios highlighted in red, and the panels show the stellar emission in rest-frame u, g, i filters at various redshifts. We see that above z > 3.6 the galaxy is a very disturbed object with no bright galaxy bulge, plenty of blue stellar clusters and a disc scale radius almost constant.
Between 3.21 < z < 3.6, a stellar disc forms with a central bar that trigger the inflow of gas in the center of the galaxy resulting in a compact bulge later on at z < 3.21. In this redshift range, the galaxy settles into a disc-like shape and has increased its radius (see also Fig. 8 ) at the onset of the merger with its massive companion (that one can see at the east/south-east of the panel corresponding to z = 3.6). We suggest that the central bar and the resulting nuclear inflow is induced by the new gravitational torques exerted by the merger, which explain the rise in the BH growth at the nearEddington rate at this redshift. Finally, this merger has allowed sufficient amounts of mass to concentrate around the BH through new gas inflows. In return, the gravitational barrier (or escape velocity) of the bulge has become large enough to prevent the SN winds from depleting the cold gas content in the center of the galaxy. The consequence for the BH is that there is now plenty of gas residing in the bulge, and the BH can, from z = 3.6, grow at the nearEddington rate until it reaches self-regulation z ≃ 2.5 At the end of the merger (z = 3.4), the galaxy starts to shrink and later on (z = 2.6) form a red nugget with a smooth red disc component and a compact stellar bulge. In Fig. B1 of the Appendix B, we show the morphological evolution of the central galaxy in the SLDA run extended to lower redshift z = 2. The morphological evolution is remarkably comparable to the high-resolution run SHDA, and shows the formation of a spiral blue disc galaxy below the redshift of z < 2.5 , where the bulge is represented by the profile with the smaller r b . The galaxy mass is smaller in all delayed cooling SN feedback runs (SLD, SLDA, SHDA) at early times compared to the no feedback run (SL), until z ≃ 3, but this is essentially due to the suppression of the bulge component. The disc component in SL, SLDA and SHDA is comparable and somewhat larger than the disc component of the SL run.
The kinetic mode of SN feedback, instead, has very little impact on the stellar mass content, both for the bulge and disc: the mass evolution of the SLK and SL are very close. We see that the bulge mass in the SLDA and SHDA runs finally settles at z = 3 once the major merger has happened at z = 3.5. Before the settling of the bulge, its mass shows extreme variations with time. This effect is the consequence of the quick removal of gas due to SN explosions, creating rapid variations in the bulge gravitational potential well and leading to the flattening of the stellar mass distribution (Governato et al. 2010) with the destruction of the central stellar clump. Note that the presence of the AGN feedback has a non-negligible effect on the mass content of the bulge. Once the BH is self-regulating (z ≃ 6 for SLKA and SHKA, and z ≃ 2.5 for SLDA and SHDA), the bulge mass growth is regulated by the presence of the AGN feed- Figure 9 . Top: Eddington ratio of the central BH as a function of redshift for the SHDA. Important mergers for the BH growth are indicated as the red horizontal lines with their stellar mass ratio. Small vertical bars pinpoints the redshifts of the stellar images. Bottom: Stellar emission of the central galaxy at different redshifts for SHDA as they would be observed face-on through u-g-i filter bands in the rest-frame. Extinction by dust is not taken into account. We see three main phases of galaxy evolution: the morphologically disturbed phase (z > 3.6), the disc settling phase with a bar (2.77 z 3.6), and the red nugget (z 2.6). 14.0 8.5 6.2 4.9 4.1 3.5 3.1 2.7 2.4 2.2 2.0 redshift Figure 10 . Galaxy mass (top panels), bulge mass (middle panels), and disc mass (bottom panels) as a function of time (or redshift). In the presence of delayed cooling SN feedback (SLD, SLDA and SHDA) the bulge is suppressed at early times (above z > 3). The presence of kinetic SN feedback has little impact on galaxy mass, both bulge and disc (SLK compared to SL). However the presence of the AGN greatly reduces the bulge mass content independently both of the SN implementation and resolution.
back with more than a factor two difference at z = 2 compared to the simulations without AGN. At z = 2, the halo mass is M h = 10 12 M⊙, and the expected stellar mass at this redshift obtained from abundance matching is M gal ≃ 2 × 10 10 M⊙ (Moster et al. 2013 ). In all our simulations, the central galaxy ends up being more massive than expected from semi-empirical predictions by a factor 2 (M gal ≃ 4 × 10 10 M⊙) for SLKA and by a factor 3.5 (M gal ≃ 7 × 10 10 M⊙) for SLDA. This tension is possibly due to the missing extra sources of stellar feedback including stellar winds and radiation pressure from young stars (Hopkins et al. 2011) . Including more stellar feedback and having a larger star formation efficiency should reduce the stellar mass content of the galaxy and delay the formation of the bulge (Governato et al. 2010; Roškar et al. 2014; Agertz & Kravtsov 2014) , and, as consequence, further inhibits the growth of the central BH. It is worth noting that the SN-quenching of BH growth in SLDA occurs until the halo reaches a mass of M h ≃ 3 × 10 11 M⊙ at z ≃ 3, which is smaller than the expected peak of the stellar conversion efficiency at z = 3 (M h,peak ≃ 3 × 10 12 M⊙, Moster et al. 2013). Therefore, if more realistic stellar feedback can produce lower stellar mass at a corresponding halo mass before that peak, we can assume that the halo mass at which this SN-quenching of BH growth mechanism becomes ineffective, appears for more massive halos, probably around the peak of stellar conversion efficiency. In the case with delayed cooling SN feedback, the BH starts to grow (see Fig. 2 ) when the bulge definitively settles at z ∼ 3.5, while in the kinetic feedback case bulge and BH start growing earlier on. In Fig. 11 we compare, in the top panel, the ratio between BH and bulge mass as a function of time. In SLKA and SHKA a roughly constant ratio, ≃ 7 × 10 −4 , is maintained from early times, z ∼ 6 all the way to the end of the simulations. This value is only slightly lower than the ratio found at z = 0, 1 − 3 × 10 −3 . SHDA and SLDA present instead a very different evolution: the BH's growth is very slow until z ∼ 3.5, and the bulge has not settled yet. Therefore, before that time, the ratio between BH and bulge mass varies rapidly, despite the BH mass remaining roughly constant. In this case a measure of the BH-to-bulge ratio would indicate a value typically higher than ∼ 10 −3 . The bulge is able to grow, and to let the BH grow, only after the potential of the bulge has reached a large enough value (cf. section 3.2). We have also evaluated the ratio of the BH to total galaxy mass (bottom panel of Fig. 2 ). In fact, except for a few exceptions (Peng et al. 2006; Schramm & Silverman 2013) high-z measurements of the masses of quasar and AGN hosts cannot perform a robust bulge-to-disc decomposition, and often the total stellar mass is measured (but compared to the BHbulge relationship at z = 0). In SLKA and SHKA the ratio gently decreases with cosmic time, highlighting that the total stellar mass grows faster than the BH. Therefore, in the SLKA and SHKA cases, the BH bulge-mass relation would be roughly independent of redshift below z < 6 while the BH-galaxy mass relation would decrease smoothly with redshift. In SHDA and SLDA ,the situation is more complex: initially the galaxy grows faster than the BH (z > 3.5), then the BH grows faster than the galaxy (3.5 < z < 2.5), and eventually they start tracking each other. In this case, low mass BHs at high-redshift would be considered overmassive with respect to their bulge, but undermassive if the measured quantity is the total galaxy mass, and the comparison is made to today's BH-bulge relationship (i.e., an expectation value of ∼ 10 −3 ).
Extension to the surrounding galaxies
To check whether the impact of efficient SN explosions applies to low-mass galaxies in a general fashion, we measure the the BH mass and galaxy mass relation for the other galaxies within the zoom region. We only consider galaxies that are at a distance smaller than 5 rvir of the main galaxy. Fig. 12 shows the values of MBH-M gal for these galaxies at various redshifts in the SLDA and SLKA runs, with the observed MBH-M gal relation at z = 0 from Häring & Rix (2004) . As already highlighted in the previous sections for the main galaxy, we recognize the slowing down of the growth of the most massive BH (the BH of the main galaxy) at high redshift in the run with delayed cooling SN feedback (SLDA), while the most massive BH grows quickly together with its host galaxy mass in the kinetic SN run (SLKA).
Other smaller mass galaxies behave in a similar fashion: in SLKA the BH mass follows the MBH-M gal relation (though with a larger normalization factor) and BHs starts growing in galaxies of M gal ≃ 10 8 M⊙, in SLDA the BH growth is delayed in low-mass galaxies, i.e. BHs start growing in more massive galaxies of M gal ≃ 2 × 10 9 M⊙, the normalization of MBH-M gal relation is further increased. Note that there is a plateau in our MBH-M gal relation at low galaxy masses which is due to our choice of initial seed BH mass 10 5 M⊙ (there are BHs with smaller values because we cannot take more mass within a gas cell that is actually available), therefore, those BHs are already overly massive for their galaxy mass.
In Fig. 13 , we compare the projected gas densities of a few galaxies in SLDA and SLKA at z = 2. Galaxies in SLDA exhibit a porous and turbulent ISM that is driven by SN explosions. In comparison, galaxies in SLKA systematically show a more uniform gas distribution with spiral arms encompassing star-forming gas clumps but the ISM is not as porous as in the SLDA run. As discussed earlier for the main galaxy, this extra turbulence (or porosity) driven by efficient SN explosions, is responsible for the inhibition of BH growth in the low-mass galaxies. Therefore, it seems plausible that this inhibition mechanism should hold on average for all galaxies with galaxy masses below a few 10 9 M⊙. Figure 13 . Projected gas densities for three other galaxies than the central one at z = 2 for SLDA (left column) and SLKA (right row). The images are 10 kpc across. These galaxies are not substructures of the main halo, and each of this image in SLDA correspond to its equivalent in SLKA (i.e. same halo host). Galaxies simulated with delayed cooling SN feedback appear more disturbed and turbulent than galaxies simulated with kinetic SN feedback, explaining the lack of early BH growth that is a generic effect in low-mass galaxies.
CONCLUSIONS
Our set of cosmological hydrodynamical simulations (the Seth suit of simulations) including either SN feedback with a kinetic model from Dubois & Teyssier (2008) or a delayed cooling prescription from Teyssier et al. (2013) shows that the strength of SN feedback can dramatically alter the BH evolution at early epochs of galaxy formation, or conversely in low-mass galaxies. In the former (weak SN feedback) case, a cold gas reservoir is maintained in the center of the galaxy sustained by inflows of dense star-forming clumps of gas, which provides an efficient gas fuelling of the central BH, driving an Eddington-limited growth early on. In the later (strong SN feedback) case, the energy release from SNe is maximised, which allows for the destruction of the dense gas clumps within the core of the galaxy. In return, the early growth of the BH is prevented due to the lack of a sustained cold gas reservoir, and this effect is systematically observed for all galaxies within the simulated region. We have shown that the characteristic SN wind velocity is of the order of 270 km s −1 , a value larger than the escape velocity created by the gravitational potential of a galactic bulge of M b 10 9 M⊙ (with a fixed radius of 100 pc). This efficient mode of SN feedback prevents the rapid growth of the bulge although the disc component continues growing almost unimpeded. Once enough mass has accumulated in the center of the galaxy, in our case driven by a major merger, the gravitational barrier prevents the removal of the cold gas and the BH can grow at a near-Eddington rate until it reaches self-regulation.
For the efficient SN feedback scenario, the bulge mass ∼ a few 10 9 M⊙ above which the accretion at the Eddington rate turns on is strikingly similar to the bulge mass ∼ 10 10 M⊙ below which abnormally light BHs are observed and exhibit a larger scatter in the BH-bulge correlation (Greene et al. 2010; Jiang et al. 2011; Graham & Scott 2015) . Therefore, the fact that BHs undergo less growth in low-mass galaxies could be the signature of a strong SN feedback activity, which is able to efficiently destroy the cold clumps of star-forming gas, establishing an indirect evidence of short-lived clusters of gas below a given mass.
We have tested those two scenarios with respect to spatial resolution effects at ∆x = 34.8 pc and ∆x = 8.7, and our results are qualitatively independent on the adopted resolution. The Eddington growth phases appear at the same epochs: as soon as the galaxy forms for the case of kinetic SN feedback runs, and once the major merger happens in the delayed-cooling SN feedback model. Even the quantitative aspects show remarkable agreement: the bulge and disc mass are in extremely good agreement and the BH mass at self-regulation end up being the same within a factor 2.
In the Seth simulation, the 1:3 major gas-rich merger happening at z = 3.5 is the culprit for the triggering of the BH growth in the runs including the delayed cooling prescription for SN feedback. It does not imply that all galaxies would necessarily start growing their BH every time they endure a major merger, because they probably need to reach a mass sufficiently large enough (M b > 10 9 M⊙, therefore M gal > 10 9 M⊙). Once the galaxy is massive enough, a persistent bulge needs to be built, and the major merger is the leading mechanism for the Seth simulation because of the induced torques and consequent nuclear inflows. Though major mergers are the favourite candidates for creating the strongest torques, one can imagine that a massive flow of cold streams misaligned with the galactic spin would have a similar impact on the galaxy. Only extra simulations with different accretion histories, and in particular more quiescent objects, could help us to fully address that question and verify whether major mergers are systematically responsible for the ignition of BH growth in the case of efficient SN feedback.
The detailed interaction between star formation, SN feedback, BH growth and AGN feedback is probably the key to understanding the establishment of the scaling relation between BHs and their host galaxies, their redshift evolution, the overall co-evolution of BHs and galaxies, and as a consequence the properties of the galaxy population. At high redshift, estimates of BH and galaxy stellar masses of AGN samples typically find that the BH mass is larger than expected from this correlation at a given stellar mass 4 , except for submillimeter-selected galaxy (Alexander et al. 2008) . Willott et al. (2010) , however, based on the comparison between the BH and galaxy mass functions at z ∼ 6, suggest that most high-z galaxies host BHs that are smaller than expected from this correlation at a given stellar mass (or host no BH at all). Similar conclusions are reached with X-ray searches of z > 6 galaxies: current data are sensitive to 10 5 −10 6 M⊙ BHs accreting at 1−10% Eddington (Willott 2011; Fiore et al. 2012; Cowie et al. 2012; Treister et al. 2013; Giallongo et al. 2015; Weigel et al. 2015) , but very few, if any are found, implying strong limits on the early growth of BHs in relatively small galaxies. The observational evidence, therefore, seems to suggest that high-redshift BHs in the most massive galaxies are actively accreting and are on or above the correlation with their hosts, while at lower galaxy mass the behaviour is opposite (Volonteri & Stark 2011) . This new SN-regulated BH growth mechanism is a promising tool to explain why BHs in relatively low-mass galaxies at high-redshift are unable to grow.
Though our method for modelling SN feedback is still very crude, it highlights two extreme regimes. Future improvements should model SNe with more physically motivated assumptions using the correct amount of momentum imparted by the explosions (Agertz et al. 2013; Kimm et al. 2015) and study the interplay between circumnuclear star formation and black hole growth. We should also consider the steady input of energy from stellar winds and radiation from bright OB associations (e.g. Hopkins et al. 2011) with dedicated simulations to probe their effect on the BH growth. Note that, even though there will be extra energy delivered by these new stellar feedback processes, it is unclear how they will interact with the gas content and star formation. As a matter of fact, stellar winds and UV radiation from young stars initiate earlier than type II SNe, and could result in an earlier impact on the gas content of the star-forming cloud but could also limit the total amount of stars formed in one star-formation cycle, thus, limiting the impact of feedback (Rosdahl et al. 2015) . However, a scenario with efficient SN (or stellar) feedback mechanism is probably favoured over a less extreme mode in order to explain the low stellar mass content (e.g. Hopkins et al. 2014) and the absence of bulge in dwarf galaxies (Governato et al. 2010) . We dedicate these investigations to future work.
We have limited our simulations to the high-redshift (z > 2) environment of the progenitor of a group of galaxies (the archetypical host of BHs at z = 0) and have shown that all low-mass galaxies (M gal 10 9 M⊙) within this region exhibit un-grown BHs. Though, we have not explicitly demonstrated that the same mechanism is at play in the low-redshift dwarf galaxies, we argue that they should behave similarly, particularly given that galaxies at low redshift are less compact than their high-redshift equivalent, and, thus, it is easier for SN explosions to drive outflows from them. This epoch of galaxy evolution remains to be investigated and our proposed mechanism to be validated by new numerical experiments of low-redshift dwarf galaxies. 
